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State-of-the-Art
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A real-life quantum computer
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A real-life quantum computer

Quantum processor
(Ḻ1 K)

Electronic 
interface

How to scale up?

Image: Google Bristlecone. Taken from: J.C. Bardin et al., 
ñAn Introduction to Quantum Computing for RFIC 
Engineersò, RFIC Symposium 2019
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Our Vision

Cryogenicand integratedelectronic interface

for large-scalequantum computers 
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A Scalable Quantum Computer 
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Challenges

ÅPerformance

Constant voltages
Å Stability < 1 ȉV

Microwave pulses
Å Frequency > 5 GHz
Å Resolution > 10 bit
Å Timing accuracy < 1 ns

Read -out
Å Noise < 100 pV/ãHz
Å Kick-back < 100 ȉV
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Challenges

ÅPerformance

ÅPower dissipation
Å < 1 mW@ 20 mK

Å ~ 1 W @ 4 K

Å 1 W for 1000 qubits?

ᵼ1 mW/qubit

300 K

50 K

4 K

20 mK

Cooling
power
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Challenges

ÅPerformance

ÅPower dissipation

ÅCryogenic technology
ÅOperate @ 4 K, 20 mKΣ Χ

Å{ǳǇŜǊŎƻƴŘǳŎǘƛƴƎ ŘŜǾƛŎŜǎ όw{CvΣ wv[Σ {v¦L5Σ Χύ

Semiconductors Minimum temp.

Si BJT 100 K

Ge BJT 20 K

SiGeHBT < 1 K

GaAs MESFET < 4 K

CMOS 30 mKor below?

Most used today

Very Large Scale Integration 11
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IDS W/L=0.4/1.61
0.322- m˃ CMOS
VGS= 1.5 V
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Cryo-CMOS Characteristic & Modeling
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0.16 mm CMOS ςthick oxide

Compact Spice model

ĄaƻǊŜ ōȅ tΦ!Φ Ψǘ IŀǊǘ

[ESSDERC 2017, JEDS 2018]



Challenges

ÅPerformance

ÅPower dissipation

ÅCryogenic technology

T = 20 mK T = 4 K T = 300 K

D
E

M
U

X

Digital 
control

References

ADC

ADC

DAC

DAC

T sensor

N-qubit
Quantum
Processor

M
U

X

System 
model

Cryo-CMOS 
models

System 
model

14



Objective
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Fidelity
(99.9%)

Power
(~ 1 mW/qubit)

1-qubit gate:
Oscillator phase noise

Timing accuracy
Χ

2-qubit gate:
Voltage drift
Timing jitter

Χ

Qubit read-out:
Amplitude noise

...

Quantum Processor Electronic Interface



Rotating a Single-Electron Spin Qubit

ÅSingle electron in magnetic field rotates around Z-axis
Å¢ȅǇƛŎŀƭ [ŀǊƳƻǊ όΨǉǳōƛǘΩύ ŦǊŜǉǳŜƴŎȅΥ рΧнл DIȊ

ÅBy applying a varying magnetic field rotates around X/Y-axis
ÅDrive at qubit frequency

ÅDrive coherent to the qubit
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Example ςMicrowave generation

Å System modelling: how electronics affect qubits
Å Errors in single-qubit gate
Å Microwave envelope: amplitude / duration
Å Microwave carrier: frequency / phase
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Specifications for the Inaccuracy

18

ɝ



ɝ


ȟ
ɝὸ

ὸ

Example:
[arXiv:1803.06176]



1-Qubit Gate Specifications

ÅExample specifications for F = 99.9% ( -̄rotation in 500 ns)
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Contribution Value

Frequency

Inaccuracy 125 ppm 11.2 kHz

Oscillator noise 125 ppm 11.2 kHzrms ENBW = 2.47 MHz, fl(1 MHz) = -106 dBc/Hz

Nuclear spin noise 3.6 ppm 1.9 kHzrms (T2
* = 120 ˃ s)

Wideband noise 125 ppm 12 ˃ Vrms ENBW = 2.85 MHz, Sn = 7.12 nVκҞIȊ

Phase

Inaccuracy 125 ppm 0.64°

Amplitude 2 mV

Inaccuracy 125 ppm 14.2 ˃ V 8-bit resolution

Noise 125 ppm 14.2 ˃ Vrms ENBW = 1 MHz, PSD = 14.2 nVκҞIȊΣ {bw Ґ -40 dB

Duration 500 ns

Inaccuracy 125 ppm 3.56 ns fs = 140 MS/s

Noise 125 ppm 3.56 nsrms

FIDELITY 99.9 %



Existing Setup

ÅMicrowave Carrier: Keysight E8267D
Å22.4 kHz resolution 1 mHz

Åfl(1 MHz) = -106 dBc/Hz >15 dB better

ÅSn = 7.12 nVκҞIȊ 63 nVκҞIȊ

Ą > 20 dB attenuation
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